Abstract The shipwreck of the Costa Concordia cruise ship, which ran aground on 13 January 2012 on the northwestern coast of Giglio Island (Italy), required continuous monitoring of the position and movement of the vessel to guarantee the security of workers and rescuers operating around and within the wreck and to support shipwreck removal operations. Furthermore, understanding the geomechanical properties and stability behaviour of the coastal rock mass and rocky seabed underlying the ship was of similar importance. To assess the stability conditions of the ship, a ground-based monitoring system was installed in front of the wreck. The network included a terrestrial laser scanner (TLS) device, which was used to perform remote semiautomatic geomechanical characterization of the observed rock mass. Using TLS survey techniques, three main discontinuity sets were identified in the granitic rock mass of Giglio Island. Furthermore, a multibeam bathymetric survey was used to qualitatively characterize the seabed. To integrate the processed TLS data and quantitatively describe the rock mass quality, a subsequent field survey was carried out to provide a rock mass geomechanical evaluation (from very good to moderate quality). Based on the acquired information, kinematic and stability analyses were performed to create a spatial prediction of rock failure mechanisms in the study area. The obtained kinematic hazard index values were generally low; only the plane failure index reached slightly higher values. The general stability of the rock mass was confirmed by the stability analysis, which yielded a high safety factor value (approximately 12).
Introduction
On the night of 13 January 2012, the Costa Concordia cruise ship changed her original course, sailed close to the coast of Giglio Island (Tuscany, Italy), and crashed on the underwater rock of Le Scole, approximately 800 m south of the port entrance (Giglio Porto) on the east coast of the island (Schröder-Hinricks et al. 2012 ). The impact produced a 70-m-long gash on the left side of the hull (Fig. 1c) . Immediately, sea water started to flood the engine room, gradually inundating the ship and causing a blackout. The ship began to drift backward and to port, following a 180°rotation driven by inertia and wind. One hour after the collision, the ship lay on its starboard side at an angle of more than 50°in its final position on the granitic seabed in front of Punta Gabbianara, a portion of coast located north of Giglio Porto (Fig. 1b) .
Soon after the shipwreck, the search and rescue (SaR) operations for people involved in the tragedy started, coordinated by the Italian fire brigade and coast guard. The SaR operations were performed in difficult and dangerous conditions. Unfortunately, among the 4200 passengers onboard (3206 passengers and 1023 crew and personnel), a total of 32 people were killed. The final position of the cruise ship made the SaR operations more difficult due to its precarious position between two granitic prominences on a seabed sloping at 22°.
On 20 January 2012, the Italian Council of Ministers officially declared a national state of emergency on Giglio Island, and the head of the civil protection department (DPC) was appointed delegate commissioner by an ordinance of the prime minister. To ensure the safety of the personnel involved in the SaR operations, continuous surveillance of the potential movement of the wreck was considered necessary, and the DPC requested a sophisticated ground-based real-time warning system, which was installed on Punta Gabbianara. In the very first phase of the emergency, nine different technologies were used to measure different components of the ship movement ( Fig. 2) : two onboard accelerometers, two robotic total stations, a ground-based Synthetic Aperture Radar (SAR) interferometer (Broussolle et al. 2014) , satellite SAR sensors, a Terrestrial Laser Scanner (TLS), three microseismic stations, a Global Positioning System (GPS) antenna and receivers, an underwater extensometer and underwater markers. Moreover, Constellation of Small Satellites for Mediterranean basin Observation (COSMO) Sky-Med images were acquired (Raspini et al. 2014 ).
The employed system was able to record every movement and deformation endured by the wreck during the 2.5 years it remained on Punta Gabbianara. Furthermore, during the most critical phases, i.e. the fuel removal and refloating operations (the uprighting of the ship, i.e. parbuckling, on 14 July 2014), the system was used to ensure the safety of the operations and the security of the personnel involved (Ciampalini et al. 2016 ). The Costa Concordia vessel, towed by two large tugboats and assisted by a suitable convoy, left Giglio Island on 23 July 2014 and arrived at the Port of Genoa on 27 July 2014, where it was dismantled.
To support removal operations and better understand the stability of the Punta Gabbianara rock mass and the underwater reef, detailed study of the geomechanical and stability behaviour was necessary. Taking advantage of the deployment of the laser scanner device for monitoring operations (Fig. 2) , semiautomatic structural characterization of the TLS-observed portion of Punta Gabbianara was performed.
The terrestrial laser scanning technique is widely used for characterization and analysis of unstable slopes, as it rapidly and safely captures a highly detailed and accurate three-dimensional (3D) representation of the plano-altimetric morphology and geostructural setting of the investigated rock mass (Abellan et al. 2006 (Abellan et al. , 2010 Fanti et al. 2012; Gigli et al. 2009 Gigli et al. , 2012a Jaboyedoff et al. 2009; Lombardi et al. 2006; Oppikofer et al. 2009; Rahman et al. 2006; Slob et al. 2002; Hack 2004, 2007; Turner et al. 2006) . Furthermore, in recent years, many authors have worked on semiautomatic extraction of 3D rock mass properties from remotely acquired high-resolution data, mainly digital photogrammetry and Light Detection And Ranging (LIDAR) (Ferrero et al. 2009; Gigli and Casagli 2011; Jaboyedoff et al. 2007; Lato et al. 2009; Sturzenegger and Stead 2009; Slob et al. 2005) .
For underwater rock mass characterization, the DPC requested that the OGS (National Institute of Oceanography and Experimental Geophysics) perform a multibeam survey to obtain a 3D representation of the seafloor surrounding the Costa Concordia cruise ship and to analyse in detail the morphological and bathymetric characteristics.
The remote survey results were subsequently integrated with a conventional geomechanical survey to characterize the whole rock mass in terms of geomechanical behaviour. Moreover, a geophysical survey obtained additional information on the rock mass quality.
All the acquired data were used to investigate the main rock failure mechanisms affecting the Punta Gabbianara rock mass and the granitic seabed and to perform a stability analysis of the investigated area.
Geographical and Geological Setting
Giglio Island, located in the Northern Tyrrhenian Sea, 20 km off the Tuscany coast, is the second largest island of the Tuscan Archipelago, covering an area of 21.2 km 2 (Fig. 1a) . The island reaches a maximum altitude of approximately 500 m at the Poggio della Pagana, which belongs to the main mountain ridge. It is bounded on the east side by gentle slopes and on the west side by steep slopes that rise abruptly from the sea to maximum elevation of several tens of metres. Flat areas are very rare and limited to recent beaches (e.g. Campese and Arenella) and some small areas located on the ridge; one exception is the Ortana Valley, situated just southwest of Campese Village.
From a geologic perspective, Giglio Island consists mainly of magmatic rocks with monzogranitic composition (average Rb/Sr radiometric age 5 Ma), representing one of the largest intrusive complexes in the Tuscan Magmatic Province. The main intrusive complex is the Giglio Monzogranite Intrusion (GMI), which is characterized by an outer zone that is extremely foliated and locally layered (Pietrabona Facies, PBF) and an inner zone that is highly porphyritic and texturally homogeneous (Arenella Facies, ARF) (Westerman et al. 1993) (Fig. 3) .
The Scole Monzogranite Intrusion (SMI) is a distinctive intrusive complex that is more acidic in composition than the GMI and that has a fully exposed contact with the ARF intrusion. The SMI rocks crop out along the eastern coast of the island (Fig. 3) . On Punta Gabbianara, where the vessel was beached, monzogranitic rocks belonging to the ARF intrusion crop out. According to the structure of the intrusion, the underwater bedrock could be exclusively constituted by monzogranite rocks belonging to the SMI.
The strong lithologic contrasts and large number of fractures produce different instability phenomena on the granitic slopes of the island, such as rockfall events, slides, escarpment degradation, detritus accumulation and altered deposits. The monzogranite bedrock influences the erosion phenomena, and most of the sand on the island is derived from granite, forming sandstone deposits thicker than 3 m.
Weathering generates typical exfoliation, sheeting and isolated spheroidal blocks. In general, the origin of the exfoliation process in granitic rocks is mainly connected with unloading of compressive stress caused by erosion and/ or by pluton expansion and cooling of the magmatic body (Blackwelder 1925) . These structures are formed approximately parallel to the outer surface of the magmatic intrusion (free surface). The underwater bedrock was also likely influenced by the ascent of the magma in the pluton, leading to outcrops with exfoliation and alteration characteristics.
The landscape is characterized by well-rounded forms and bevelled edges, in some cases even on steep slopes. Locally, the surface of the granite features alveolar and tafoni shapes.
Data Collection

Laser Scanning and Multibeam Surveys
Long-range TLS technology can generate a high-resolution 3D point cloud by measuring the scanner-object distance with centimetre accuracy by calculating the round-trip time of a laser pulse (with near-infrared wavelength) to reach the object surface from the point of emission and return. These point clouds can then be used for construction of 3D models.
On the first day of monitoring activity, a fixed longrange 3D laser scanner (RIEGL LMS-Z410i) was installed in the vicinity of Punta Gabbianara, precisely at Torre del Lazzaretto (Fig. 2) , to remotely detect displacement of the Costa Concordia. This device is able to determine the position of up to 12,000 points per second, with maximum angular resolution of 0.008°and accuracy of ±10 mm (one r at 50-m range under RIEGL test conditions) from a maximum distance of 800 m.
The location of the RIEGL LMS-Z410i allowed us to observe a portion of the rock mass (Fig. 2) and to rapidly acquire detailed information on inaccessible rock outcrops, thereby minimizing survey time in this emergency situation.
The acquired 3D point cloud of the investigated area was cleared of vegetation and linked to a global reference system with the aid of reference points with coordinates defined using a differential GPS.
Using the high-resolution point cloud obtained by the TLS, an accurate remote semiautomatic geomechanical survey was possible. In this case, semiautomatic extraction of the main geomechanical characteristics of the rock mass discontinuities was performed using a MATLAB tool called DiAna (discontinuity analysis) (described in detail in Gigli and Casagli 2011) . This tool allows the user to investigate geometric parameters suggested by the International Society for Rock Mechanics (1978) , such as orientation, number of sets, spacing, persistence, block size and scale-dependent roughness.
DiAna is based on definition of least-squares fitting planes on clusters of points extracted by moving a sampling cube on an unorganized point cloud. By selecting the cube size and a standard deviation threshold, it is even possible to investigate rock masses characterized by highly irregular block shapes. The geometrical properties can be calculated, and the search cube dimensions are based on the TLS data resolution and the size of the features considered. The cluster is considered valid if the associated standard deviation is below a defined threshold.
The cluster orientations are plotted on a stereographic projection, and the sets of the main discontinuity planes can be identified and extracted from the cloud.
Moreover, by drawing on the point cloud a cylinder with axis perpendicular to the plane of each discontinuity passing through the centroid and base containing the surface points, it is possible to count the number of discontinuities intersected by the cylinder and associated with the same set. This process can be used to assess the true spacing and frequency of discontinuity sets for three-dimensional data.
Semiautomatic analysis was carried out on the investigated portion of Punta Gabbianara rock mass, while manual extraction was performed for the shadow regions. The poles of the semiautomatically extracted discontinuities are presented in a stereographic projection in Fig. 4 .
Three sets of discontinuities were recognized: a low-dipangle set JN1 (229°/29°) and two high-dip-angle sets JN2 (281°/83°) and JN3 (340°/86°) ( Table 1 ). The true spacing was approximately 3 m for sets JN1 and JN2 and approximately 3.2 for discontinuity set JN3.
Furthermore, a bathymetric survey was carried out by the OGS of Trieste (Italy) on 22 January 2012 using the high-frequency acoustic wave pulse technique to survey the seafloor in detail. The device employed was a Reson SeaBat 8125 multibeam echosounder based on the highfrequency acoustic wave pulse technique. This sonar system produces 240 beams with frequency of 455 kHz, swath coverage of 120°, depth resolution of 6 mm, near-field resolution of 2.5 cm and maximum range of 120 m (unpublished internal report).
The multibeam data ( Fig. 5 ) identified two rock spurs at average depth of 22 m, on which the wreck lay. The ocean bottom consisted of granitic rock with apparently good geomechanical characteristics and was continuous with the rock above sea level. These characteristics were even improved by the abrasive action of waves, which removed altered portions (unpublished internal report). 
Traditional Field Survey
To integrate the semiautomatic rock mass characterization and to obtain a quantitative description of the discontinuities of the rock mass, a traditional survey was also performed: 20 point load tests on monzogranite samples and 7 scanline surveys (varying from 20 to 33 m in length) were carried out, according to the methods suggested by ISRM (1978 ISRM ( , 1985 .
The point load tests were executed on Cala Lazzaretto samples (Fig. 5 , blue dots) and on undisturbed rock to measure the tensile (r t ) and compressive (r c ) strength. Then, the point load strength index, r t and r c were evaluated by applying a conversion factor of 1.3 according to Johnston (1993) . The resulting average values for r c(1) and r t(1) for the specimens sampled in the first location were 115.14 and -3.84 MPa, respectively. For the second location, were values are 111.88 and -3.73 MPa, respectively. The resulting average r c value of the investigated area was 113.51 MPa (DPC 2012), and this value was used to classify the rock. This value is lower than the common intact rock resistance values of granite (approximately 150 MPa, i.e., Hansen 1988; Hoek and Brown 1980) , likely Set id, joint set identification code; a, dip direction; b, dip; X, true spacing; JCS, joint compressive strength; JRC, joint roughness coefficient; c, average cohesion; U, average friction angle due to the alteration observed to affect the rock to depth of 1 m. According to geologic features, the investigated site was divided into three sectors (Fig. 5 ):
• Sector A: unweathered rock, very low fracturing frequency • Sector B: weathered and locally highly weathered rock (heavily broken granite), average fracturing frequency with open fractures (up to several decimetres) • Sector C: unweathered and locally slightly unweathered rock, low fracturing frequency
The main geomechanical features (orientation, spacing, persistence, roughness, joint wall strength, aperture, filling and seepage) of discontinuities were obtained by acquisition of seven scanline surveys (Fig. 5, red dots) , mainly performed on the northeastern slope of Punta Gabbianara (sector C). Furthermore, to complete the investigation of the mechanical behaviour of the area surrounding the shipwreck, random joint orientation measurements were also taken.
Since the area of interest in this work is the area around the shipwreck, the geomechanical results for sector C are reported.
In accordance with the semiautomatic analysis data, the conventional survey identified the high-dip-angle set JN3 (351°/85°). Moreover, other joint sets were identified: a main medium-dip-angle set JN4 (54°/43°) and two secondary high-dip-angle sets: JN5 (25°/86°) and JN6 (321°/ 80°) (Fig. 5) . Terzaghi correction was applied to account for sampling bias introduced by orientation data collection along the scanline. Table 1 summarizes the modal orientation planes and the main features of the discontinuity sets recognized in sector C.
The high-dip-angle set JN3 is characterized by joints with maximum aperture of 2 cm. Most of the discontinuities were visibly weathered and contained iron, manganese and quartz fill. The length of most fractures exceeded 10 m.
The joints belonging to set JN4 featured apertures up to several decimetres wide, and most of the discontinuities were also visibly weathered with iron and manganese fill. The persistence of the set varied between 1 and 6.5 m, and in some cases, exceeded 10 m in length. The joints of both sets mostly terminated in massive rock.
The JN5 set fractures showed aperture values on the order of a few millimetres and were characterized by iron and manganese fill. The maximum persistence reached values close to 2 m, and the joints mostly terminated in massive rock.
The discontinuities belonging to the secondary high-dipangle set JN6 featured apertures up to 1 cm wide and mostly terminated against other joints or beyond the outcrop; the persistence was highly variable.
To estimate the geomechanical features according to ISRM (1978 ISRM ( , 1985 , the joint compressive strength (JCS) and joint roughness coefficient (JRC) were evaluated. The JCS was evaluated using the Schmidt hammer (L-type, model Proceq) sampling technique based on the correlation between the JCS and rebound number R ( where r c is the JCS in MPa, c is the unit weight of rock in kN/m 3 , and R is the rebound number of the L-type Schmidt hammer. The JRC was quantified using a profilometer and visual comparison of the surface profile with standard profiles published by Barton and Choubey (1977) . This coefficient varies from 0 for a smooth, planar surface to as high as 20 for rough surfaces.
The shear strength of the discontinuities obtained from the geomechanical field and the laser scanning surveys was calculated using the Barton-Bandis failure criterion (Barton 1973) . Therefore, the following data were used as input for RocData software (Rocscience 2004):
• Basic friction angle (/ b = 33°) obtained from tilt tests on four rock samples, as follows (Table 2 ): • The JRC and JCS for each discontinuity set (Table 1) from traditional survey. The JRC and JCS parameter values belonging to sets JN1 and JN2 were selected as the lowest among the sets. Their true spacing was obtained from the semiautomatic analysis (cf. 'Laser scanning survey').
• Highest tensional stress (r max = 0.7 MPa), which is equal to the weight of the cruise ship considering the barycentre shifted toward the prow.
The resulting geomechanical discontinuities and intact rock features were used to classify each sector of rock mass by applying the main classification systems developed by Barton et al. (1974) , Bieniawski (1989) and Hoek et al. (1995) .
The Q-system (Barton et al. 1974 ) is defined as follows:
where RQD is the Deere rock quality designation (Deere 1963) , J n is the joint set number, J r is the joint roughness number for the critically oriented joint set, J a is the joint alteration number for the critically oriented joint set, J w is the joint water reduction factor, and SRF is the stress reduction factor. The values of these parameters are given in specific tables. For sector C, i.e. the sector of major concern, the chosen parameters were as follows (Table 3) .
The rock mass rating (RMR) system developed by Bieniawski (1989) classifies a rock mass based on five parameters: uniaxial compressive strength (P1), RQD (P2), spacing of discontinuities (P3), condition of discontinuities (P4) and groundwater conditions (P5). The resulting RMR is obtained from the sum of these five parameters, and the value of these parameters is given by the author in specific tables.
For sector C, the parameters were as follows ( Table 4 ). The Geological Strength Index (GSI) classification was introduced by Hoek et al. (1992) and improved in subsequent publications (e.g., Hoek et al. 1995; Hoek and Brown 1997; Marinos and Hoek 2001) . The classification is essentially qualitative and is a function of descriptions of the lithology, structure and surface conditions following specific tables. Once a GSI number is defined, it is used in conjunction with appropriate parameters to employ the Hoek and Brown failure criterion. For granitic rocks, the main references are Russo et al. (2001) and Marinos et al. (2004) .
In the case of high-quality rock mass, the GSI value can be obtained from the RMR system (Hoek et al. 1995) as follows: GSI = RMR -5 (Hoek et al. 1995) The resulting value of GSI (70) is in good agreement with the GSI-based geomechanical group classification (g1 group) provided by Russo et al. (2001) .
The values for each index are summarized in Table 5 . Furthermore, the index values for sector A and B are provided.
Additionally, discontinuities and rock mass MohrCoulomb equivalent strength parameters were calculated (Tables 1, 5) to perform kinematic and stability analyses.
In the case of rock mass geomechanical parameters, the Hoek and Brown failure criterion (Hoek and Brown 1980; Hoek et al. 2002) , considering m i = 30 for granodiorite and r ci equal to the average compressive strength obtained from the point load test (113.51 MPa), was employed.
Geophysical Survey
With the aim of increasing knowledge about the investigated rock mass quality, P-wave seismic refraction and electromagnetic surveys were also performed (DPC 2012).
Three seismic refraction scanline surveys in the Cala del Lazzaretto and Punta Gabbianara areas were carried out using a DAQlink-III digital seismograph (Fig. 6) , with 24 60-Hz vertical geophones and two multipolar seismic cables with 5 m between takeouts. Generation of seismic waves was performed using an 11-kg hammer. The obtained seismic tomographies (Fig. 6) show, from top down, 1-2 m of soil and highly weathered rock (P-wave velocity less than 1000 m/s), 4-8 m of weathered monzogranite (P-wave velocity between 1000 and 2500 m/s) and intact rock (P-wave velocity greater than 2500 m/s). These results reveal rock with good and very good rock qualities starting 4-8 m below ground level.
The geoelectric survey was performed using a Geonics EM-34 with intercoil spacing of 10 m and 131 measurement points arranged in 11 arrays (Fig. 6) . The maximum survey depth, according to local lithological conditions, was approximately 7-8 m. This method measures the ground conductivity of the subsurface by way of electromagnetic induction, producing contour maps of apparent conductivity by interpolation of the analysis results.
Lines of high conductivity represent possible lineations or discontinuities (Fig. 6 ) where rock is highly fractured and weathered. Figure 6 shows that the orientations of the discontinuities detected by the geoelectric survey and those detected in the non-stereoscopic digital orthophotos (03/03/ 2012) were highly congruent. Comparison between the results obtained by these two techniques is a useful tool to identify discontinuity sets. The JN3 discontinuity set was clearly observed in the satellite images and represents the most persistent set recognized by the traditional survey. This set was also identified by the laser scanning survey. Other high-dip-angle discontinuity sets (JN5 and JN6) Table 3 Q-system parameters chosen for sector C RQD J n J r J a J w SRF 100 6 2 2 1 1 RQD, Deere rock quality designation; J n , joint set number; J r , joint roughness number for the critically oriented joint set; J a , joint alteration number for the critically oriented joint set; J w , joint water reduction factor; SRF, stress reduction factor could also be identified. The JN4 and JN1 discontinuities sets were faintly visible due to their orientation.
The highly conductive zone at the southern end of the analysed zone may be caused by seawater seepage in this area.
Data Analysis
Kinematic Analysis
Kinematic analysis can be used to predict the spatial distribution of rock failure mechanisms using the geometric features of the identified discontinuity sets. Many authors (Goodman 1976 (Goodman , 1980 Goodman and Bray 1976; Hoek 1973; Hoek and Bray 1981; John 1968; Markland 1972; Matheson 1983 Matheson , 1989 ) have used kinematic analysis for natural and artificial rock slopes.
The analysed instability mechanisms are plane failure (PF) (Hoek and Bray 1981) , wedge failure (WF) (Hoek and Bray 1981) , block toppling (BT) (Goodman and Bray 1976; Matheson 1983 ) and flexural toppling (FT) (Goodman and Bray 1976; Hudson and Harrison 1997) .
For each instability mechanism, a kinematic hazard index (introduced by Casagli and Pini 1993) was calculated based on the ratio between the number of poles N (or intersections I) lying in the critical area within the stereographic projection and the total number of poles (or intersections):
This analysis was performed using a MATLAB tool called DiAna-K (Gigli et al. 2012a ). The diagram in Fig. 7 shows the analysis process. The slope orientation, the discontinuity surface orientations (resulting from both traditional and laser scanning survey) and the discontinuity friction angle (chosen as the lower and more precautionary angle, refer to Table 1) were considered as input parameters. The intersection lines and equivalent friction angle were calculated automatically. For each surface orientation, the value of the kinematic hazard index is obtained as an xlt, txt, stl or dip file (the file extension changing depending on the type of analysis and input files).
The program can be used to perform 3D kinematic analysis using the surface mesh (stl file) obtained from laser scanning data.
In this case, 3D analysis was performed using laser scanning data in conjunction with a regional technical map (CTR) at scale of 1:2000 because the laser scanner device only observed a limited portion of the investigated area. The data were homogeneously resampled with resolution of 0.50 m. The bathymetric survey was provided by the OGS (National Institute of Oceanography and Experimental Geophysics) of Trieste (see Subsection 3.1). In Fig. 8 , the local slope orientations (dip and dip direction) are shown.
The obtained 3D kinematic analysis results (Fig. 9 ) show the distribution of the kinematic hazard index values of the surface of the mesh for each instability mechanism in the Punta Gabbianara and Cala del Lazzaretto areas. The probability of occurrence for each mechanism is expressed using a colour scale, varying from light green to deep red as the hazard increases, and the indexes are expressed in percent. The maximum index value is 12 %, being related to plane failure (PF, Fig. 9a ), which mainly affects Cala del Lazzaretto, and to flexural toppling (FT, Fig. 9d ), which mainly affects Punta Gabbianara. Both mechanisms also affect the underwater granitic reef but to a lesser extent. Wedge failure (WF, Fig. 9b ) and block toppling (BT, Fig. 9c ) represent negligible kinematic hazards.
Additionally, global kinematic analysis was performed (Fig. 10) to analyse in depth the kinematic hazard index values of the granitic reef underlying the cruise ship. Detailed analysis for each possible slope dip and dip direction value (varying from 0°to 90°and 0°to 360°, respectively, in an array with interval of 1°) was performed, and the average slope orientation (075°/18°with range of 30°for both coordinates) for the granitic reef underlying the cruise ship specified. The mean slope orientation of the rocky spur was obtained by computing the dip and dip direction of the triangles of the mesh using DiAna. Sector, sector identification name; RMR, rock mass rating according to Bieniawski (1989) ; Q, Q-index according to Barton et al. (1974) ; GSI, Geological Strength Index according to Hoek et al. (1995) ; c 0 , average cohesion; U 0 , average friction angle; r tm , rock mass tensile strength; r cm , rock mass compressive strength This analysis confirmed that the highest kinematic index (approximately 16 %) was related to plane failure (PF, Fig. 10a) and flexural toppling (FT, Fig. 10d) . The slope on which the cruise ship was stranded (red dashed line in Fig. 10) showed very low index values (5 %).
Stability Analysis
The rock mass features were reproduced using a distinct element method numerical model to study the stability of the investigated rock slope altered by the load of the shipwreck. For this purpose, the Universal Distinct Element Code (UDEC, Itasca 2004) was employed.
Since discontinuities play a significant role on the considered slope scale, use of a discontinuous method seemed most suitable. Numerical modelling was performed along a profile involving the rock mass of Punta Gabbianara (Fig. 8) above and below sea level and considering the higher slope gradients.
According to the apparent orientation of the discontinuities surveyed along the chosen profile, two main joint sets were detected: a first family of discontinuity sets (JN1 and JN4) with sub-horizontal dip angle, and a second family (JN2, JN3, JN5 and JN6) with inclination of 80°.
The block was subdivided into a mesh of finite difference elements (Fig. 11a) , and for each element a MohrCoulomb constitutive model was assigned. Joints were assigned based on the joint area contact-Coulomb slip criterion, which assigns values of the elastic stiffness; frictional, cohesive and tensile strengths; and dilation characteristics to each joint.
Both the material and joint properties were selected based on the geomechanical survey results (Tables 1, 5 ). As a precautionary measure, the lowest values (weathered rock) confirmed by the point load tests and seismic refraction survey results for the shallow level of soil were used for the parameters in the modelling.
The first step of the model consisted of establishing the stress state. By assigning high strength values to materials and discontinuities and using the real elastic properties, the model converged to equilibrium under its own weight. The water table and boundary conditions were also provided, and the model still converged to a stable state (Fig. 11b) . During this phase, the load exerted by the shipwreck was not yet considered. After assigning real peak strength properties to zones and joints (second step), the model still converged to a stable state, but with some deformations below the rock plate (Fig. 11c) .
The subsequent step, in which the shipwreck load (7 9 10 5 Pa) was considered, also converged to a stable state. Some plastic deformation was obtained Fig. 6 Top: location of seismic refraction scanline surveys (black lines) and measurement points of geoelectric survey (grey dots) on the regional technical map (CTR) at scale of 1:2000 ('Carta tecnica della Regione Toscana', sheet 02/14), and apparent electromagnetic conductivity map (DPC 2012) . White dashed lines indicate lineations or discontinuities hypothesized based on electromagnetic survey results; red lines: discontinuities recognized by satellite images analysis; the rosette plot of the orientation of these discontinuities is illustrated in the inset (data weighted by discontinuity trace length). Bottom: seismic tomography for scanlines PR1, PR2 and PR3. Weathered soil and rock are identified for each scanline (colour figure online) (Fig. 11d) . With maximum displacement values of approximately 10 mm, the modelled area can be considered stable.
To obtain the SF value during the last phase, strength reduction values were assigned to both the rock mass and joint sets. The strength reduction method (Dawson et al. 1999; Griffiths and Lane 1999; Eberhardt et al. 2004) usually implements simultaneous reduction of the cohesion and friction angle parameter; in this case, the tensile strength was considered too.
The output of the stability analysis model provided the shear displacements of the joints (Fig. 12a) and the velocity vector distribution during a collapse (Fig. 12b) . The safety factor value was much higher than 1 (approximately 12).
Discussion and Conclusions
Following the shipwreck of the Costa Concordia vessel, a real-time monitoring system was installed, and in-depth geomechanical characterization and stability analysis of the coastal rock mass and underwater seabed underlying the cruise ship performed to aid the SaR and refloating operations.
A terrestrial laser scanner (RIEGL LMS-Z410i) and other ground-based monitoring systems were installed on Punta Gabbianara (Fig. 2) in front of the wreck to detect any potential displacement of the cruise ship. From its location, the TLS was able to observe the southwestern portion of the Punta Gabbianara coastal rock mass and rapidly acquire a detailed 3D representation of the study (Fig. 5) . Semiautomatic extraction of the main geostructural features of the discontinuities (orientation and spacing) within the observed rock mass was performed using the MATLAB tool DiAna (discontinuity analysis) (Gigli and Casagli 2011) . The clustering process recognized a low-dip-angle set (JN1) and two high-dip-angle sets (JN2 and JN3).
Furthermore, a multibeam bathymetric survey was carried out by the OGS (National Institute of Oceanography and Experimental Geophysics) of Trieste (Italy), providing a three-dimensional representation of the submerged rock mass.
A traditional field survey provided data for geomechanical reconstruction of the Punta Gabbianara rock mass and integration with the TLS characterization results. Twenty point load tests on monzogranitic samples were carried out to characterize the intact rock, and seven scanlines were performed in the study area, mainly on the northeastern slope (sector C, Fig. 5 ), to quantitatively describe the main features of the discontinuities according to the methods suggested by ISRM (1978 ISRM ( , 1985 (Table 1) . Again, the JN3 discontinuity set was detected. Additionally, two other high-dip-angle sets (JN5 and JN6) and a medium-dip-angle set (JN4) were identified.
Compared with a traditional survey, semiautomatic extraction of the orientation of planes in the point cloud tended to overestimate the discontinuity sets parallel to the slope, such as set JN1, which is parallel to the slope of the southwestern region.
Sets JN5 and JN6 were probably not recognized by the semiautomatic approach because of the presence of some shadow areas in the TLS data. Occlusions in laser scanner data are a common problem due to data acquisition from a single scan location (Lato et al. 2010) .
Therefore, the TLS remote survey produced satisfactory characterization of the geometric features of the discontinuity sets. Furthermore, the combination of traditional and semiautomatic survey techniques was able to characterize the whole rock exposure. The quality of the rock mass in front of the Costa Concordia cruise ship was classified as good based on the geomechanical characterization according to the Barton et al. (1974) , Bieniawski (1989) and Hoek et al. (1995) criteria. More generally, the rock mass featured both intact areas (sector A, Fig. 5 ) and intensely jointed areas (sector B, Fig. 5 ). The global compressive strength (r cm ) of the rock mass in each sector was much lower than the compressive strength of undisturbed rock samples (r c = 113.51 MPa), highlighting the influence of discontinuities and alteration of the rock surfaces.
To completely characterize the rock mass quality in Cala Lazzaretto and Punta Gabbianara, seismic refraction and geoelectric campaigns were also performed. The P-wave seismic refraction survey (Fig. 6 ) highlighted a surficial level (4-8 m) of low rock quality; below this level, the results showed good and very good quality. These results confirm the low resistance (r c ) values obtained from point load tests for the surficial altered level with respect to literature values for intact rock resistance. At depth of 4-8 m below the surface, this value should be close to the literature value (approximately 150 MPa, i.e., Hansen 1988; Hoek and Brown 1980) . Moreover, the geoelectric survey results (Fig. 6) showed the variability of the rock conductivity in the surficial level, highlighting different degrees of fracturing in the investigated rock mass. The orientation of the recognized discontinuities was compatible with the lineations recognized in the non-stereoscopic digital orthophotos and with the discontinuity sets identified by the semiautomatic and traditional surveys. In particular, set JN3 was clearly recognizable, even in the orthophotos.
The manually and semiautomatically collected features, together with the reconstruction of the three-dimensional surface, were used to perform 3D and global kinematic analysis of the main failure mechanisms using the program DiAna-K (Gigli et al. 2012a ). These analyses qualitatively and quantitatively assessed the spatial distribution of instability mechanisms. The highest kinematic hazard index value was predominantly associated with the plane failure (PF) and flexural toppling (FT) mechanisms, being concentrated in Cala del Lazzaretto and nearby Punta Gabbianara, respectively (Fig. 9a, d ). The risk linked to these mechanisms was also present on the seabed underlying the cruise ship, but the index values did not exceed 6 %. The global kinematic analysis (Fig. 10) , in particular, indicated that the risk of failure of the rocky spur was very low. Wedge failure and direct toppling were almost absent.
The highest index value reached 12 % (3D analysis), suggesting low spatial failure risk. Comparing the spatial distribution of the kinematic indexes ( Fig. 9) with the distribution of the rock mass slope and aspect in the 3D mesh (Fig. 8) , the main set involved in the instability mechanisms is the medium-dipangle set JN4, as confirmed by the global kinematic analysis.
Using the distinct element method numerical model (UDEC, Itasca 2004), a stability analysis was performed along a profile representing the worst possible scenario.
The displacement vector plot (Fig. 11d) shows that the highest displacement values are millimetric. Additionally, the safety factor confirms the general stability of the rock mass (F = 12, Fig. 12a ). Plastic deformation is concentrated on the rocky cliff where the ship is located (Fig. 12b) , and the highest estimates of the shear displacement on the joints are on the order of a few decimetres.
Despite the unfamiliarity of the scenario, the presented study represents a successful combination of both traditional and TLS surveys carried out to support stability analysis in a unique operational setting.
Furthermore, in the framework of disaster management and civil protection, the data obtained from the employed monitoring systems were perfectly integrated.
